The supercooling point (SCP) is defined as the temperature at which body water spontaneously freezes, For freeze-intolerant insects it represents the absolute limit of low temperature tolerance, although some insects experience cold shock injury and death at temperatures above the SCP (2, 12, 13) . Frequently, insects exhibit a seasonal pattern in their capacity to supercool: SCPs decrease through the autumn reaching their lowest values in winter followed by a reduction in their supercooling capacity in the spring (19) . As a consequence, for many freeze-intolerant insects regulation of the SCP is a critical factor in the cold-hardening process to ensure survival in winter.
At relatively high subzero temperatures, in the range that would be experienced nat-urally by insects, the limit of supercooling is believed to be determined by the endogenous activity of heterogeneous ice nucleating agents (19) , although inoculative freezing may also be important in some species (10) . These nonaqueous agents serve as the initial nucleus upon which the ice lattice grows. The activity of the most efficient nucleating agent in the insect's body will determine the onset of ice nucleation and, thus, the SCP value. Although it is commonly assumed that efficient ice nucleators are found in gut contents (7) few studies have critically examined the nature of this process. A number of freeze-tolerant insects limit supercooling of their body fluids by producing ice nucleating proteins and lipoproteins in the hemolymph (8, 9) . Nucleating agents also have been associated with the cellular matrix (5) .
As do a number of insects, Tenebrio mafitor larvae produce low levels of thermal hysteresis or antifreeze proteins in their hemolymph (8, 16) . When these larvae are acclimated to a short photoperiod or low temperature thermal hysteresis of the hemolymph increases, while at the same time lower lethal temperatures and SCPs are lowered (16) . Cold-acclimated larvae did not significantly elevate titers of the cryoprotectant glycerol (16) .
In preliminary studies we found that, unlike other species, the SCPs for larvae of the mealworm beetle, T. molitor, were highly variable. This result suggested to us that T. molitor might serve as a useful model system for the study of nucleation and supercooling in insects. This report examines the nature of supercooling and nucleation in larvae of T. molitor. Specifically, the effect of the following parameters on supercooling capacity was assessed: relative humidity, acclimation temperature, body weight, and feeding. We also sought to identify the body compartment in which nucleation occurs.
MATERIALS AND METHODS
Cultures of T. molitor were obtained from Carolina Biological Supply Co. and fed wheat bran. Whole body SCPs were determined using a refrigerated bath with a cooling rate of approximately l"C/min and a 12-channel thermocouple chart recorder (13) . The SCP was recorded as the lowest temperature reached prior to the release of the latent heat of crystallization. The SCP of the excised gut was determined by placing the entire gut into a 100~~1 glass capillary tube and attaching a thermocouple to the outside of the tube. The SCPs of hemolymph, fat body, and gut contents were determined using approximately 5 ~1 samples in capillary tubes as described previously (14, 26) .
In order to test the effect of relative humidity on the SCP, larvae were held in desiccators over dry calcium sulfate (0% RH) or a saturated solution of sodium chloride (75% RH). Environmental chambers were used to maintain acclimation temperatures to within 1°C. Since T. molitor is cannibalistic when deprived of food, larvae were held separately during starvation experiments , The coefficients of variation and correlation coefficients were calculated as described by Sokal and Rohlf (22) .
RESULTS
No individual survived the freezing of its body fluids. The SCPs of fourth instar larvae reared at 25°C were highly variable ranging from -1.5 to -24.3'C with a mean k SEM of -12.4 -C 0.6"C (Fig. 1) . The coefficient of variation (CV), 52.0, was substantially higher than the variability observed in SCPs from a variety of other insects (Table 1) . Cold acclimation to 5°C for 2 weeks resulted in a decrease in the SCP to -15.2 + O.YC ( Fig. 1) . However, this decrease was not statistically significant compared to the 25°C acclimation group and the SCP values were still highly variable (CV = 34.7).
The SCP was inversely related to the weight of the larvae acclimated to 25°C (Fig. 2) . On average small, first instar larvae supercool to a greater extent than large, fourth instar ones. However, there remains a large amount of variability among SCP values regardless of weight. A few large individuals (>200 mg) sometimes supercooled to less than -2o"C, while small larvae (GO mg) did not exhibit SCPs above -5°C and rarely above -10°C In a sepa- 
p The coefficient of variation of variation (CV) is equal to the standard deviation expressed as a percentage of the mean (22) . rate experiment the relationship between larval weight and the SCP for T. molitor acclimated to 5°C was examined. In this experiment no statistically significant relationship between weight and SCP was observed (P = 0.068, n = 33).
In order to evaluate the consistency of SCP values for an individual, three replicate determinations were conducted for individual larvae (Fig. 3) . These data were selected from a larger set of results in order to illustrate the general pattern of response that we observed. Replicate were usually within 2°C of each other, the widest range observed was 5°C in one individual (Fig. 3) . Since T. molitor larvae do not survive the first SCP determination these data suggest that regulation of the SCP is dependent on physical factors which continue to operate unchanged in dead larvae . Eight groups of larvae (n = 3&37) were acclimated to combinations of temperature (5 or 24°C) and humidity (0 or 75% RH) and were continuously fed wheat bran or were starved for 9-13 days. Regardless of treatment, the variability of SCPs within a sample remained high (CV from 13.4 to 31.0). SCPs of larvae starved for 9 to 13 days were similar to those fed wheat bran, regardless of acclimation temperature (5 or 24°C) or the relative humidity (0 or 75%), At 24°C acclimation to a relative humidity of 75% significantly lowered SCPs (P < 0.01, Student's t test) compared to individuals held at 0% RH for both the fed and starved treatment groups. A similar effect of humidity was not observed in larvae held at 5°C. However, we repeated this acclimation experiment, using the same temperatures and humidities, and found no significant differences in the SCPs among the four treatment groups (i.e., mean SCP values ranged from -12.7 to -14.5"C).
The possible effect of different foods on the SCP was tested by feeding larvae wheat bran, potato, or apple. The type of food had no statistically significant effect on the mean (-9.3 to -11.W) or range of the SCPS.
Two additional experiments were conducted in an attempt to identify the specific site of nucleation within the body. In the first, the relationship between the whole body SCP and the SCP of the entire gut with its contents for fourth instar larvae was examined. After determining the whole body SCP the entire gut was dissected out, placed in a capillary tube and the SCP of the gut determined. The SCPs for both the gut and whole body from single larvae are shown in Fig. 4 . The dashed line represents the theoretical relationship in which the whole body SCP is equal to that of the gut. Since 82% of the data points lie to the right of the line it suggests that the gut and its contents frequently supercool to a greater extent than the whole body. In a second experiment we compared the whole body SCP to that of three separate body compartments: gut and its contents, hemolymph, and fat body. The data reported in Fig. 5 are only those for which all four SCP values were obtained from a single individual. Furthermore, only larvae with a relatively high SCP of -10°C or higher were selected since their limited capacity for supercooling suggested the pres- ence of relatively efficient ice nucleating agents within the body. All hemolymph and fat body samples had relatively low SCPs in the range of -13 to -25°C that were always less than that of the whole body SCP (Fig. 5) . In 2 of I 1 individuals, the SCPs of the gut contents were high enough to suggest that nucleating agents in the gut could account for the relatively high SCP of the whole body.
DISCUSSION
Exposure to low temperature commonly serves as the primary trigger for winter cold-hardening in insects (3, 19) . In freezesusceptible species this process usually includes a depression in the whole body SCP. A similar response was observed in the present study as acclimation to 5°C resulted in a decrease in SCPs (Fig. 1) . However, unlike cold-hardening in other species in which the coefficient of variation generally decreases with cold acclimation, T. molitor larvae continued to exhibit a wide range of SCP values. Patterson and Duman (16) also reported highly variable SCPs for warmand cold-acclimated larvae of T, molitor.
Insect populations composed of individuals containing either very high or very low numbers of ice nucleators are expected to have a narrow range of freezing temperature distributions (21) . As illustrated by the selected examples in Table I , many studies of insect cold-hardiness have reported relatively narrow SCP ranges. Alternatively, populations composed of individuals with differing concentrations of nucleators would be expected to have broad freezing temperature distributions (21) . Therefore, the high degree of variability in SCPs that we observed throughout this study suggests a wide range in the number or the efficacy of nucleators in Tenebrio larvae.
It was also surprising to find supercooling points as high as -1,5"C in some larvae. Some bacteria are extremely potent nucleating agents capable of catalyzing ice nucleation in this range (15) . Recently, our laboratory demonstrated that ice nucleating bacteria have the potential to increase markedly the SCP of insects (24) . It is possible that ice nucleating bacteria are present in the gut of Tensbrio and responsible for these extremely high SCPs.
Perhaps the principal finding of this study was the demonstration of the effect of body size on the SCP of conspecific larvae. Somme (23) summarized SCPs from a variety of over-wintering freeze intolerant insects. Inspection of these data indicate that small insects supercool to a greater extent than larger ones. Insect eggs and small arthropods such as collembola and mites commonly have SCPs of -20°C or lower, while large insects frequently have SCPs of -15°C or higher. Thus, the effect of body size on the SCP that we observed is consistent with the general pattern observed among a wide variety of terrestrial arthropods.
Physical studies of water have shown that the capacity for supercooling is inversely related to the volume of the sample (1). The water content of larvae in Fig. 2 ranged from approximately 0.5 to 200 ~1, with a corresponding range of SCPs between -24.3 and -I .YC. These data correspond roughly to the values for the heterogeneous nucleation of water in physical systems: 1~1 to 1 ml volumes of water have generally been reported to nucleate between -30 to -10°C (1).
The major difference between the SCPs of T. molitor and those reported in physical studies of water was that some larvae exhibited only a very limited capacity to supercool, with SCPs above -5°C. This observation suggests the presence of relatively efficient ice nucleating agents in the body. Obviously, these agents should be considered independently from the ice nucleating proteins produced by freezetolerant insects which are believed to function by insuring extracellular ice nucleation at relatively high subzero temperatures. Since T. mu&or is a freeze-susceptible species, the agents affecting ice nucleation within its tissues probably serve some other primary 'function, while only "inadvertently" serving as nucleating agents (13) .
One limitation of our approach to identifying the specific location of nucleators within mealworm larvae is the inherent difference in the amount of tissue and, as a consequence, the water volume in the sampie used for the determination of SCPs in the whole body versus individual body compartments. For example, some larvae used for whole body supercooling points (Fig. 5 ) weighed 200 mg, while the corresponding supercooling point of the hemolymph was based on a 5 ~1 sample. Considering the physical effect of volume on the supercooling point, we would expect the SCP of the individual body compartments to be lower than that of the whole body unless potent nucleators were present. This result is essentially what we observed (Figs. 4 and 5) . Thus, our experimental approach would tend to make it more difficult to identify the specific site of nucleation. Nevertheless, we found that 18% of the time the supercooling point of the gut was higher than that of the whole body (Fig. 4) . In addition, in two of eleven larvae we were able to identify the gut as the likely site of nucleation (Fig. 5) .
Previous studies on the effect of starvation on the SCP have produced varying resuits (23). Salt (18, 20) suggested that gut contents commonly contain efficient ice nucleating agents that regulate the SCP. In the Antarctic mite, Alaskozetes antarcticus, feeding decreases the capacity to supercool (25) .
In contrast, other studies, including this one, have not found a correlation between feeding/starvation and nucleation (2) . Most insects empty their gut within 1-2 days after food is removed. Whereas, T. molitor does not empty its gut, but retains fecal material in the hindgut when starved. This may partly explain why feeding and starvation did not significantly alter SCPs in this species. Another factor that might affect ice nucleation in the gut is the activity of the rectal complex and its role in water vapor absorption (17) . In T. molitor the rectal complex in the hindgut is able to remove water vapor from unsaturated atmospheric air. This mechanism results in extreme dehydration of the fecal pellets in the hindgut such that they are only 10-H% water (17) . This extensive dehydration may decrease the activity of potential nucleating agents in the gut by reducing the availability of freezable water in the gut. Along similar lines, Cannon (6) hypothesized that internal changes in water content may alter the activity of nucleators in an Antarctic mite.
In their review Baust and Rojas (4) point out problems inherent in understanding the regulation of ice nucleation in insects. Our study further emphasizes the complexity of this problem and the difficulty of identifying specific mechanisms regulating supercooling and nucleation in insects.
